Introduction
In the past decades many improvements in superresolution microscopy were made [1] . But as high resolution is normally linked to high illumination dose, the practically achievable resolution is set by the illumination acceptance of the sample. This is very important in live cell imaging, as the acceptable illumination dose of living cells is significantly lower than in fixed cells [2] . In this point of view the methods linked to the reassignment principle provide a completely new approach combining high detection sensitivity with moderate high resolution [3] [4] [5] [6] [7] [8] . Especially the fact, that for fine details these methods deliver the same amount of photons as widefield microscopy but concentrated them on a smaller volume, leads to higher light concentration than proposed by classical theory. This property is called superconcentration of light [9] and illustrates the high detection sensitivity of reassignment methods. This manuscript investigates specifically the imaging properties along the optical axis in optical photon reassignment microscopy (OPRA) [7] . It further discusses the influence of the size of the detection pinhole in terms of resolution and detection sensitivity and investigates the combination of OPRA with a structured illumination scan mode.
Methods linked to the reassignment principle are laser scanning techniques that use the spatial information in the pinhole plane to enhance the imaging properties. If the pinhole plane image is demagnified for every scan position, it is possible to improve lateral resolution and simultaneously enhance the detected peak intensity. This demagnification can be done computationally (for example in ISM, MSIM or Zeiss AiryScan) or optically (as in OPRA, RSC and iSIM) and leads to a reassignment of the pixels (in case of the computational methods) or photons (in case of the optical methods respectively). In the optical realizations of this concept, the descanned and demagnified fluorescent light has to be rescanned. This can be done, while using the same scanning device again [7, 8] or using a second re-scanner [6] . Also an implementation in a spinning-disk image scanning device is possible [10] . The all-optical methods have the advantage, that they deliver instantaneous superresolved images without the need of further processing. This property is very important towards fast imaging of biological samples. The computationally methods have to record one pinhole plane image for every scan position. The additionally necessary rendering makes these methods more time consuming than the optical realizations. On the other hand, the collected information content in the computational methods is bigger and can Optical photon reassignment with increased axial resolution by structured illumination be exploited for different imaging modes and processing algorithms with a better signal-to-noise performance.
The demagnification in the pinhole plane that yields the best results regarding resolution improvement depends on the different width of excitation and emission PSF. As for most commonly used fluorophores this shift in wavelength is negligible, the intermediate demagnification factor is set in most of the literature to m = 0.5 and is therefore also used here.
For this demagnification factor, the equation
with PSF OPRA , PSF ex and PSF em being the point spread function of OPRA, the excitation and the emission light and ⊗ the convolution operator respectively, describes OPRA analytically in two dimensions as r represents the image coordinates r x y , ( ) = . Compared to normal widefield microscopy, the resolution in the focal plane and along the optical axis is enhanced in OPRA. Nevertheless, for thick samples, images acquired with OPRA appear noisy, as the same amount of out-ofplane fluorescence as in common widefield approaches is generated.
The presence of out-of-focus light legitimates the usage of background suppressing methods in OPRA. If a detection pinhole for sectioning is used, the superconcentration properties are reduced for small pinhole diameters. We suggest the combination of OPRA and structured illumination as it links high detection efficiency and sectioning performance compromised by only a minor loss in imaging speed.
OPRA in three dimensions
To investigate the sectioning performance of OPRA in three dimensions, a comparison with widefield microscopy seems not to be sufficient. Therefore, in figure 1 a numerical simulation of the resolution of confocal microscopy and OPRA is shown. The full width at half maximum (FWHM) of the point spread function (PSF) in the focal plane and along the optical axis are presented as a function of the pinhole diameter. Compared to normal confocal microscopy, OPRA yields a smaller width for both directions. This is even more significant for bigger pinhole diameters which are preferred considering the relevant light losses for pinhole diameters below 1 Airy unit (AU).
For confocal microscopy it is already known that there is a trade-off between sectioning performance and a good signal-to-noise ratio (SNR) [11] . As the sectioning performance is theoretically best for the smallest pinhole diameter, the SNR gets worse for small pinhole sizes as nearly all the light is blocked by the pinhole. A pinhole diameter of 0.68 AU yields the best compromise between SNR and sectioning performance [12] . To further improve the out-of-focus suppression in OPRA we propose to scan the illumination spot in that way, that it generates a structured illumination pattern in the sample which can be used to computationally identify and subtract the out-of-focus contributions [13, 14] . The structured illumination pattern should not be confused with the full-field technique of high resolution structured illumination microscopy (HR-SIM) [13] . In HR-SIM the sample information is modulated with a very fine illumination pattern, whereas here, in OPRA with increased axial sectioning, the sample is illuminated with a scanned excitation spot forming a relatively coarse pattern. Such scanning pattern is only useful to improve the optical sectioning and axial resolution but has little influence on lateral resolution. With this method it is even possible to achieve a proper sectioning ability if no pinhole could be added to the beam-path. For patterned illumination the overall illumination time of the field of view (FOV) and the illumination dose stay the same, as only the number of frames per resulting image is increased. Since the readnoise of modern scientific cameras is usually negligible the image quality is enhanced and therefore patterned illumination seems reasonable.
Methods
The optical setup presented in figure 2(a) ) was used to demonstrate the imaging performance of OPRA using structured scanning. The beam-scanning was driven by a scan mirror with the ability to scan along two orthogonal axes (S-334.2SL with E-517 controller, Physik Instrumente GmbH). For reproducible placement, the pinhole was mounted on a magnetic base. To generate a structured illumination pattern, the fast axis of the beam scanner was running at the fastest speed with a 50 Hz sine generator function whether the slow axis was stepped precisely every half period. The overlay of both movements generates the illumination scan pattern as explained in figure 2(b) ) and shown in figure 3(a) ). The pattern has a period of 312 nm in the focal plane and each of the four phase steps has a value of 312 nm × 0.25 = 78 nm. The 3D data sets with images refocused by 100 nm steps along the optical axis were acquired using a piezo-focus drive (Nano-F200W, Mad City Labs Inc.).
Image reconstruction
Several well-known sectioning algorithms were used to reconstruct the recorded images, and the image properties of the so acquired images was compared [13, 14] . The normal image without any structured pattern illumination is obtained by the mean of all acquired phase-shifted images per slice and is used as reference.
Where I n is the image of phase n of total N phase steps and r is now the image coordinate in three dimensions. To achieve a sectioning enhancement, already a very good estimate is given by the MaxMin equation (3) [15].
This approach determines the maximum max n N 1 = … and the minimum min n N 1 = … value for every pixel r in all images I n in one focal plane and subtracts them. As for out-of-focus light the modulation is decreased and averaged over multiple emitters, the minimum is a reasonable and simple estimate of the out-of-focus contribution. For this approach it is beneficial to have an even number of phase steps.
As OPRA uses a camera for imaging, one can record the illumination scan pattern while using a thin fluorescent plane or a mirror sample. This mask describes the illuminated and non-illuminated areas for each phase step and can be used to process a scaled subtraction of out-of-plane fluorescence in the acquired images given by equation (4) [13, 14] . 
Here α is a subtraction scaling factor which influences the sectioning performance and SNR in the resulting image. For the ScaSub 1 method according to [14] the scaling factor is set to
Here we use a smooth mask, where For illumination, the sample is excited by 488 nm laser light. For the three scan-steps (scanning, de-and rescanning) a piezo-driven beam scanner with two scan-axes is used (S-334.2SL with E-517 controller, Physik Instrumente GmbH). The fluorescent light from the sample is descanned and directed via passing the dichromatic beamsplitter (BS) to the pinhole plane (ph). This image plane is demagnified via lenses L 4 and L 5 to perform the optical reassignment process. After reassignment, the fluorescent light beam is rescanned and directed to the camera via lens L 6 . To generate 3D stacks, a piezo-driven objective mount is used (Nano-F200W, Mad City Labs Inc.). In (b) a schematic representation of the scan behavior is shown. Where the fast x-axis of the 2-scan-axes beam-scanner runs in sinusoidal scan-shape, the slow y-axis is stepped precisely every half period to generate the line-wise illumination pattern. The step height is chosen that way, that a pattern period of approximately 312 nm is generated in the sample plane. Other abbreviations: mirror (M), L TL (tubelens), emission filter (EF). 
represents the inverse mask describing the non-illuminated areas in every acquisition frame. We further force the mask to be homogenous.
This image reconstruction is straight forward and therefore can easily be applied to the acquired images.
Results
To validate the method, thick samples with 110 nm fluorescent beads (FluoSpheres ® CarboxylateModified Microspheres, 0.11 µm, Yellow-Green Fluorescent 505/515) in a 3 D volume (embedded in Prolong Antifade, Molecular Probes, Invitrogen Inc.) where measured. The table 1 shows the FWHM of the measured beads within and perpendicular to the focal plane for different OPRA modes (with and without a pinhole) and compares different image processing algorithms. This survey shows that the patterned illumination improves the imaging performance in OPRA. The FWHM along the optical axis is decreased by over 19% if a large detection pinhole (approximately 2 AU) is inserted and by 29% if no pinhole is present. The table also shows that a large sectioning pinhole is useful as the processed data of the setup with pinhole achieves better resolution along the optical axis compared to the data acquired with no pinhole. For the in-plane resolution, the processed data reaches the expected limit. A possible explanation is that Table 1 . Resolution comparison of a 3D volume bead sample (bead-diameter is 110 nm) for different processing types. The table shows that illumination with a striped pattern followed by processing, improves the resolution in OPRA. It is preferable to include a fairly large pinhole as disturbing out-of-focus light doesn't reach the detector. But also for data without detection pinhole the processing leads to improved resolution. the patterned illumination in combination with the sectioning algorithms helps to minimize the influence of imperfections by optical aberrations in the setup. A visualization of the imaging method and results for a biological sample are presented in figure 3 . The inset of the illumination pattern in figure 3(a) shows a magnified part of the FOV and the overlay of images of the 4 phase pattern (p1…p4) visualizes the phase steps. Figure 3 (2)- (5) illustrate the image quality improvement due to structured illumination in OPRA. Note that a pinhole of approximately 2 AU diameter was present in the beam path. Even for this relatively thin sample and with a pinhole already suppressing a lot of the out-of-plane fluorescence, the resolution enhancement and sectioning improvement is apparent and can be seen in figure 3(c) . The simple MaxMin approach in figure 3(e) (equation (3)) gives clearly sharper images. For the scaled subtraction (equation (4)) the imaging performance depends on the scaling factor α. With increasing α, the background suppression and sectioning ability improves but the image appears noisier and is affected by artefacts caused by the illumination pattern (figures 3(f) and (g)). These more subjective parameters can be supported with the measurement of the overall intensity of the FOV per z-slice, as given in figure 3(c) . This curve shows the obvious improvement of the sectioning performance in dependency of the used algorithm and compared to the normal OPRA mode.
To further demonstrate the sectioning ability in OPRA we also imaged a relatively thick sample of HELA cells (Human Cervical Adenocarcinoma Cells) expressing the Kohinoor protein (figure 4). In the OPRA image without a pinhole (figures 4(a)-(d)), the out of focus light deteriorates the image quality, where this light could be partially suppressed in the processed data ( figure 4(c) ). Nevertheless, inserting a large pinhole for background elimination in combination with patterned illumination seems to give the best results as the signal is still at high level and the out-of-focus signal doesn't passes the pinhole. For thick samples, the MaxMin algorithm (figures 4(b) and (f)) doesn't work as well as for thin samples, but the scaled subtraction (figures 4(c) and (g)) benefits from the mask and generates nicely sectioned data. Therefore the combination of OPRA with a relatively large pinhole and structured illumination seems to merge most of the important imaging properties as 3D resolution and signal-to-noise ratio.
Conclusion and discussion
We demonstrated that structured illumination for z-sectioning improves the imaging quality of OPRA. As the structured illumination mode can be implemented relatively easily to a given OPRA setup and also the image processing is straight-forward, this mode can be adapted to almost every optical reassignment setup. It gives the possibility to achieve the full performance of the optical reassignment techniques and gains from their high sensitivity and signal-to-noise ratio. The illumination pattern helps to achieve the full resolution of OPRA in the focal plane, as disturbing out-offocus light can be suppressed. Compared to confocal microscopy, it is also possible to achieve enhanced resolution in the focal plane and along the optical axis even for relative large pinhole diameters. This leads to high imaging performance of OPRA as the resolution in all three directions is enhanced while only a little part of the emitted light is lost during the imaging acquisition.
